Two major endoprotelnases were purified from senescing primary barley leaves. The major enzyme (EP1) appeared to be a thiol proteinase and accounted for about 85% of the total proteolytic activity measured in vitro. This proteinase was purified 5,800-fold and had a molecular weight of 28,300. It was highly unstable in the absence of dithiothreitol or at a pH greater than 7.5. Leupeptin, at a concentration of 10 micromolar, inhibited this enzyme 100%. A second proteinase (EP2) was This report presents information on the endoproteolytic system of barley leaves. Our results indicate that there are two predominant proteinases (EP1 and EP2). The major enzyme is a thiol proteinase (EP1) which is highly unstable unless proper protective measures are taken and it has been purified 10-fold greater than leaf proteinases previously described (6, 9, 20) . Finally, evidence is given for the existence of a third proteinase (EP3) which appears to be closely associated with RuBPCase and is not readily detected by standard proteolytic assays.
ase that was stimulated by sulflhydryl reagents and was inhibited by PMSF.
This report presents information on the endoproteolytic system of barley leaves. Our results indicate that there are two predominant proteinases (EP1 and EP2). The major enzyme is a thiol proteinase (EP1) which is highly unstable unless proper protective measures are taken and it has been purified 10-fold greater than leaf proteinases previously described (6, 9, 20) . Finally, evidence is given for the existence of a third proteinase (EP3) which appears to be closely associated with RuBPCase and is not readily detected by standard proteolytic assays.
MATERIALS AND METHODS
The predominant EPs2 found in many leaf tissues appear to be either acid- (4, 8, 10, 16, 19, 24) or sulfliydryl-stimulated (1, 8, 10, 20, 23, 26, 27) . Neutral proteinases from corn (8) and Lolium temulentum (24) have been described, but not classified, as thiol, serine, or metallo proteinases. Proteinases ascribed primary importance in the rapid turnover of proteins during senescence are acid proteinases in corn (8) and wheat (4, 9) , thiol proteinases in wheat (27) , and a serine proteinase in oats (6, 16) .
Leaf proteinases have usually been studied using crude extracts or slightly purified (several-fold increase in specific activity) proteinase preparations. In only a few cases have leaf proteinases been purified to homogeneity or near homogeneity. Ragster and Chrispeels (21) purified two enzymes from soybean leaves that were capable of hydrolyzing azocoll. Azocollase A had a mol wt of 17,500 and a pH optimum of 9.0, and it was inhibited by 3 mm EDTA. Azocollase B had a mol wt of 52,000 and a pH optimum of 9.0, and it was inhibited by pCMB. Ragster and Chrispeels suggest, however, that these enzymes may not play a major role in Ninhydrin Assay for a-amino Nitrogen. a-Amino nitrogen was determined as described by Moore (17) . At various times in either the azocasein or [14C]RuBPCase assay described above, a 0.5-ml aliquot was taken, and 0.5 ml of 10%o TCA was added to precipitate the high mol wt protein fragments and unhydrolyzed substrate.
After centrifugation, 0.5 ml of supernatant was added to 1.0 ml ninhydrin reagent and heated for 10 min at 100 C. Four ml water was added to each sample, and the A at 570 nm was measured.
The increase in free amino groups (isoleucine was used for the a-amino N standard) was compared with the increase in either A ,ug EP2, 2 ,ug trypsin, or 3 ,g papain. After hydrolysis for 30 min at 26 C, the reaction mixture was adjusted to 5% TCA and centrifuged, and the A of the supernatant at 320 nm was measured.
The final substrate concentration for the BAEE, BTEE, and BANA hydrolysis was 0.5 mM. The increases in A at 252 nm, 256 nm, and 335 nm were measured during the first 5 min of the reaction for BAEE, BTEE, and BANA, respectively. Gelatin-Agarose Assay. Fifty ml 0.2 M K-phosphate buffer (pH 6.0) were added to 0.6 g agarose and 0.12 g gelatin. This solution was boiled to dissolve the agarose and gelatin. When the solution had cooled to 60 to 65 C, DTT was added to make a final concentration of 2 mm DTT. Solution was poured into a small black Plexiglas tray to make a layer 1 to 2 mm thick. After proteolytic activities were separated by native gel electrophoresis, the polyacrylamide tube gels were sliced longitudinally and placed with flat surface down onto the gelatin-agarose layer. The tray was incubated at 40 C for 1 to 3 h under N2 atmosphere in a Desaga/Brinkmann (Brinkmann Instruments, Inc., NY) double chamber. The assay was terminated by removing the gel slice and developing the gelatin-agarose layer by covering the surface with a solution of 15% HgCl2 and 20%1o HCI. This resulted in a milky white background and cleared zones that appeared as black bands. A method similar to that of Santarius and Ryan (22) was also used. Wells were made into an agarose layer containing gelatin, azocasein, or RuBPCase, and samples containing proteolytic activity were placed into these wells. These protein-agarose layers were incubated at 40 C for a given time and were then developed as described above. The diameter of the cleared zones is a semiquantitative measure of proteolytic activity.
Purification of Endoproteinases. Twelve-day-old primary barley leaves were detached (330 g) and homogenized in a Waring Blendor with 0.1 M K-phosphate buffer (pH 6.0) containing 2 mi DTT and 1 mim EDTA. Three ml of buffer and 0.1 g of insoluble PVP was used for each g of tissue. The homogenate was filtered through eight layers of cheesecloth and centrifuged for 20 min at 27,000g. Solid ammonium sulfate was added to the resulting supernatant, and the 35 to 70%o pellet was recovered. The pellet was resuspended in 50 mM K-phosphate (pH 6.0) containing 1 mm DTT and 1 mm EDTA and dialyzed for 20 h against the same buffer. Protein, which precipitated from the solution during dialysis, was removed by centrifugation. Recovery of endoproteolytic activity (against azocasein) was 80%o. Approximately 44 ml of the dialyzed 70%/o ammonium sulfate fraction were eluted at 15 ml per h through a 3-x 50-cm Sephadex G-100 column equilibrated with 50 mm K-phosphate (pH 6.0) containing 1 mm DTT.
This step resolved the activity into two separate activity peaks. The two activities were further purified by chromatography on a 2-x 20-cm DEAE-cellulose column. EP2 did not bind to a column equilibrated with 50 mm K-phosphate (pH 6.0) containing 1 mm DTT, but EP1 did bind. EP1 was eluted from the column with a 0.0-to 0.2-M NaCl gradient and dialyzed against 50 mm Kphosphate (pH 6.0) and 1 mm DTT. A major inactive protein was removed from the DEAE-cellulose-purified EP1 by gel filtration on a Sephadex G-75 superfine column equilibrated with 50 mm K-phosphate (pH 6.0) and I mm DTT.
Purification of 14C-Labeled RuBPCase. Barleyseeds (Hordeum vulgare v. Numar) were planted in 15.2-cm pots containing vermiculite. Nutrient solution was supplied continuously by cotton wicks that linked the pot to a reservoir jar below. Seedlings grew in darkness for 6 days and then were placed into a chamber under light (-550 ,.tE/m2 . s) and allowed to green in the prese4ce of 4 CO2. ['4C]RuBPCase was purified using a modification of the method described by Kleinkopf et al. (13) . Leaves were harvested after 48 h and homogenized in a Waring Blendor using 5 ml of buffer and 0.1 g insoluble PVP per g of tissue. Homogenization buffer was 0.2 M Tris-SO4 (pH 8) containing 10 mM MgCl2, 10 mM NaHCO3, 2 mm DTT, and 1 mm EDTA. The crude homogenate was filtered through eight layers of cheesecloth and centrifuged at 27,000g for 20 min. Solid ammonium sulfate was added to the resulting supernatant, and the 35 to 65% pellet was recovered and resuspended in 50 mm Tris-SO4 (pH 8.0), 2 mm DTT, and 1 mM EDTA. Fifteen ml of the dialyzed protein were chromatographed on a 3-x 50-cm Sephadex G-100 column equilibrated with homogenization buffer. Only the first one-half of the RuBPCase peak was kept to prevent possible contamination by the major leaf proteinases (B. L. Miller, unpublished). The pooled fractions, -45 ml, were applied to a 2-x 20-cm DEAE cellulose column equilibrated with 50 mm Tris-SO4 (pH 8.0), 2 mm DTT, and 1 mM EDTA. After the column was washed with the same buffer, RuBPCase was eluted with a 0.0-to 0.2-M ammonium sulfate gradient and dialyzed against 50 mm Tris-SO4 (pH 8.0), 2 mM DTT, and 1 mm EDTA. The RuBPCase had a specific radioactivity of 4.0911 x 106 cpm/mg protein. SDS-polyacrylamide electrophoresis indicated that it was homogeneous. Electrophoresis. Disc-gel electrophoresis was carried out using methods of Davis and Ornstein (5, 18) . The gels were 7.5% acrylamide with a monomer:bis ratio of 39:1. SDS electrophoresis was done in 10% polyacrylamide slabs (1 mm) using the buffer system of Laemmli (14), with a current of 15 mamp/slab. All gels were stained according to Fairbanks et al. (7) .
Mol Wt Determination. Mol wt of EP1 and EP2 were determined using the method of Hedrick and Smith (1 1). After electrophoretic separation of the proteolytic enzymes at various acrylamide concentrations, the locations of the enzymes were determined by the gelatin-agarose assay described above. Standard proteins used were insulin; egg albumin; a-amylase; pepsin dimer; hexokinase; aldolase; and BSA monomer, dimer, and trimer.
Inhibitors and Activators. EP1 and EP2 were preincubated for 5 h at 4 C in the presence of the desired activator or inhibitor. The pretreatment and fmal reaction concentrations of these compounds were identical. The control reaction was 50 mm Mes buffer (pH 6.0), 1 mm DTT (except for EP2), and 4 mg/ml azocasein or 2 mg/ml [14C]RuBPCase.
Profiles of pH Activity and pH Stability. All pH measurements were taken directly from the reaction or from preincubation solutions. EP1 and EP2 were preincubated on ice for 17 h for the stability studies. All buffers were phosphate.
Determination of Protein. Protein was determined by the method of Lowry et al. (15) or by the micromethod of Bradford (3).
RESULTS AND DISCUSSION Enzyme Purification. Proteinases were purified from 12-day-old senescing primary barley leaves. The leaves were yellow and had lost approximately 50Yo of the total soluble protein present before the onset of senescence. The two proteinases described here are also the major proteinases observed in crude extracts or 70%Yo ammonium sulfate-fractionated preparations of 7-day-old mature green leaves or 20-day-old yellow leaves (late senescence stage). The proteinases were detected after electrophoresis using the gelatin-agarose assay (B. L. Miller and R. C. Huffaker, in preparation).
Attempts to purify barley proteinases using affmity chromatography on hemoglobin-Sepharose 4B prepared using the methods Plant Physiol. Vol. 68, 1981 of Drivdahl and Thimann (6) and Frith et al. (9) were completely unsuccessful. The proteolytic activity would bind to the hemoglobin-Sepharose, but no procedure was found that could elute the enzymes from the column. A combination of ammonium sulfate precipitation, gel filtration on Sephadex G-100, and DEAE-cellulose chromatography, however, did provide a 50-fold purification of EP2 and a 620-fold purification of EP1 (Table I) .
Chromatography on Sephadex G-100 separated the proteolytic activity into a major (-85%) and a minor ( 15%) fraction (Fig.  1 ). An aliquot of each fraction was tested using a method similar to that described by Santarius and Ryan (22) (see also, "Materials and Methods"), using gelatin, azocasein, or RuBPCase incorporated into buffered-agarose layers. Figure 1 shows that all substrates gave similar results and that no RuBPCase-specific proteinases were detected. No additional major proteinase was observed that would hydrolyze RuBPCase at pH 7.5 (data not shown). An aliquot of each G-100 fraction was also subjected to electrophoresis, and the proteinases were detected with the gelatinagarose assay. Figure 2 (A and B) shows the major proteolytic activities present in the ammonium sulfate-precipitated proteins. The presence of EP2 in the shoulder and EP1 in the main activity peak of the column is confirmed in Figure 2 (C and D) After gel filtration, EP1 and EP2 could be separated readily by chromatography on DEAE-cellulose. EP2 did not bind to a column equilibrated with 50 mm K-phosphate (pH 6.0) containing I mm DTT. EP1, the major enzyme, did bind and could be eluted from the column with a 0.0-to 0.2-M NaCl gradient. At this stage of purification, native gel electrophoresis and gelatin-agarose detection of EP2 activity indicated that the 50-fold purified enzyme still contained several contaminating inactive proteins but that it was homogeneous with regard to endoproteolytic activity. The mol wt of EP2 was 67,000 ± 3,500, as determined by the gelatin-agarose assay in conjunction with the method of Hedrick and Smith (11) . This enzyme was not purified further because of the very small quantities available. Native gel electrophoresis of the DEAEpurified EP1 showed a single band of protein and only two very minor contaminating proteins. This indicated that EP1 was essentially homogeneous. At this stage, EP1 had been purified about 620-fold. This is comparable to the purification of about 530-fold and 630-fold, obtained, respectively, by Drivdahl and Thimann (6) and Frith et al. (9) and the 600-fold purification reported by Pike and Briggs (20) . Determination of the location of EP1 by the gelatin-agarose assay indicated that the DEAE preparation was homogeneous with regard to endoproteolytic activity. However, the major protein band and EP1 were not identical (Fig. 3) . Scanning of a polyacrylamide gel stained for protein (Fig. 3) showed that there was a protein present at the position of EP1 but that it was only about 2% of the total protein present in the gel. Although the DEAE preparation appeared to be nearly homogeneous, this protein was not EP1. It had a mol wt of about 65,000 ± 3,000, as determined by the method of Hedrick and Smith (11) . The mol wt of EP1 was 28,300 ± 2,000, determined by using the gelatin-agarose assay in conjuction with the method of Hedrick and Smith (11) . On this basis, the major contaminating protein was removed by gel filtration on Sephadex G-75 superfine (Table  I) while 80%'o of the endoproteolytic activity was recovered. EP1 was purified about 5,800-fold. Because of the relatively low amounts ofhighly purified EP1 available, many ofthe experiments performed in this study used the enzyme from the DEAE-cellulose stage of purification.
General Properties. EP1 was very unstable for even short periods of time in the absence of reduced sulfhydryl reagents. These reagents were also required for enzymic activity. Maximum activity occurred at 0.25 mm DTT, with some inhibition above I mm DTT. Therefore, EP1 was always stored in the presence of 1 mM DTT, and all reactions involving EP1 included I mm DTT. EP1 (Table II) . (Table II) . Samples of EP1 that had been made 4% SDS, boiled for 2 min, and assayed, retained 31% of the control activity (Table II) .
EP2 was the more stable of the two enzymes. It was stable if stored at a pH of 4 to 9 or in the absence of sulfliydryl reagents. This proteinase was stimulated 20 to 40%o by EDTA, Cat2, and M 2+ (Table II) . Unlike EP1, EP2 was not inhibited by Cu2+ or Zn +. STI, Pep A, and leupeptin did not affect EP2 activity, and DTT was not required for maximal EP2 activity. In fact, DTT was slightly inhibitory at all concentrations used with 20%o inhibition at 1 mm. Addition of 1 mm PMSF to the reaction mixture reduced EP2 activity by 50%o.
Profiles of pH Activity. Both EP1 and EP2 had pH optima of 5.5 to 5.7, whether the protein substrate was azocasein or ["C]-RuBPCase (Fig. 4, A and B) . There was a slight pH shift downward for EP1 and a slight pH shift upward for EP2 when RuBPCase, instead of azocasein, was the substrate. Shifts in the pH optima for different protein substrates have also been observed for proteinases of wheat leaves (19, 27) .
Hydrolysis of Artificial Substrates. Various artificial substrates were hydrolyzed by both enzymes (Table III) . Among carbobenzoxyamino acid-nitrophenyl esters, the tryptophan ester was hydrolyzed at the highest rate by EP1, and the tyrosine ester was hydrolyzed at the highest rate by EP2. EP2, but not EP1, rapidly hydrolyzed BTEE, and both enzymes had only low activity against U.
Plant Physiol. Vol. 68, 1981 The time course for hydrolysis of azocasein was linear for the first 1 to 2 h when either EP1 (Fig. 5, A and B) or EP2 was used. The assay was linear if hydrolysis was measured by the increase in A at 340 nm (Fig. 5A) or by the increase in a-amino nitrogen by the ninhydrin reaction (Fig. 5B ). Both enzymes exhibited normal Michaelis-Menten kinetics and linear replots by WoolfAugustinsson-Hofstee analysis (Fig. 6 ). EP1 had a V,. of 325 A340/h mg, which was roughly 75 times greater than that of EP2.
The Km values for azocasein were very similar: 0.47 mg/ml for EP, and 0.21 mg/ml for EP2. Both enzymes were inhibited slightly when concentrations of azocasein were greater than 2 mg/ml.
At equal concentrations (mg/ml) of [14C]RuBPCase and azocasein, RuBPCase was hydrolyzed by EP1 or EP2 3 to 3.7 times faster than was azocasein, whereas, trypsin hydrolyzed the two substrates at nearly equal rates (Table III) . These results, however, do not suggest any specificity of the barley leaf proteinases for RuBPCase, because papain, the papaya latex proteinase, will also hydrolyze RuBPCase about 3.5 times faster than it will hydrolyze azocasein (Table III) .
Attempts have been made to compare the hydrolysis kinetics of different protein substrates in order to suggest specificity of leaf proteinases for RuBPCase (27) (Fig. 7) ; both the ninhydrin and ['4CJRu-BPCase assays gave the same results. The rate of hydrolysis of RuBPCase was nonlinear for the first 10 to 15 min, after which it was linear for the next 1 to 2 h. This biphasic nature was due not to EPi, itself, but to a selective attack on the large subunit of RuBPCase (B. L. Miller and R. C. Huffaker, unpublished). As a result ofthis behavior, unusual kinetic analysis was obtained when the linear rates of the time course were used. A Michaelis-Menten plot of these linear rates showed no sign of saturation, even at levels of 4 to 5 mg/ml. These results appear quite different from those of Wittenbach (27) and Peoples et al. (19) . Thomas and Huffaker (25) recently reported that I14CIRu-BPCase, purified from either whole leaves or isolated chloroplasts, appeared to have an EP which remained closely associated with RuBPCase throughout purification. The present study shows that this enzyme is not one of the major proteinases, as measured by standard proteolytic assays. EP3 was not detected during purification of leaf proteinases, because it releases TCA-soluble counts at very low rates. However, hydrolysis of [14C]RuBPCase by EP3 was quite significant when the reaction mixture was analyzed by SDS polyacrylamide electrophoresis. Most of the products formed during hydrolysis by EP3 appeared to have mol wt larger than 5,000 and were, therefore, insoluble in 5% TCA (B. L. Miller and R. C. Huffaker, unpublished). This enzyme had a broad pH optimum that centered on 5.2 ( Fig. 4C ) and was not inhibited by leupeptin, PMSF, EDTA, or Pep A. This enzyme is being further characterized.
CONCLUSION
Three endoproteinases of senescing primary barley leaves have been described. A thiol proteinase contributes the majority of the in vitro activity measured. The second predominant proteinase is inhibited by PMSF but not by leupeptin or Pep A; its mechanism of action needs to be further defined. These same enzymes are the predominant proteinases found in both green and senescing leaves. It would be highly desirable to compare kinetic data for different substrates and use this information to demonstrate the role of an EP in normal cellular protein turnover or in the rapid loss of not detected by standard proteolytic assays. Despite these difficulties, it will be of considerable interest to determine the roles that EP1, EP2, and EP3 may play in the turnover of RuBPCase.
